Purpose To evaluate image quality using reduced contrast media (CM) volume in pre-TAVI assessment. Methods Forty-seven consecutive patients referred for pre-TAVI examination were evaluated. Patients were divided into two groups: group 1 BMI<28 kg/m 2 (n=29); and group 2 BMI>28 kg/m 2 (n=18). Patients received a combined scan protocol: retrospective ECG-gated helical CTA of the aortic root (80kVp) followed by a high-pitch spiral CTA (group 1: 70 kV; group 2: 80 kVp) from aortic arch to femoral arteries. All patients received one bolus of CM (300 mgI/ml): group 1: volume=40 ml; flow rate=3 ml/s, group 2: volume=53 ml; flow rate=4 ml/s. Attenuation values (HU) and contrast-tonoise ratio (CNR) were measured at the levels of the aortic root (helical) and peripheral arteries (high-pitch). Diagnostic image quality was considered sufficient at attenuation values > 250HU and CNR > 10.
Introduction
Transcatheter aortic valve implantation (TAVI) is considered an effective treatment option for patients with severe and symptomatic valve stenosis not suitable for conventional valve replacement [1, 2] . Throughout the years, multidetector row computed tomography (MDCT) has become the standard non-invasive imaging method in pre-TAVI assessment for aortic root dimensions and access site [3, 4] . To ensure technical success and optimal valve-prosthesis sizing, a dedicated scan technique including reliable contrast media (CM) injection protocols during pre-operative imaging are of utmost importance. However, the CM required may pose a risk for TAVI candidates who are frequently suffering from impaired renal function and considered to be at increased risk of contrast-induced nephropathy (CIN) [5, 6] . The European Society of Urogenital Radiology (ESUR) guidelines recommend expansion of the extracellular volume as one of the measures to prevent CIN [7] . However, aortic stenosis in TAVI candidates does not allow for fluid expansion due to the increased risk of subsequent heart failure.
Not only pre-existing renal insufficiency is correlated with increased risk of CIN, but also the use of increased CM volume [8] as well as the administration of multiple doses of intravascular CM within a short period of time (<24 hours) [9, 10] . TAVI protocols -as described in the literature -usually entail the injection of large CM volumes up to 120 ml to ensure optimal filling of the aortic root as well as the peripheral arteries [4, [11] [12] [13] . In the combination of ultra-fast data acquisition and use of low kVp protocols, this amount might be substantially reduced, offering patient-tailored CT protocols.
Thus, the aim of this study was to evaluate the use of low CM volumes in pre-TAVI CT examinations using low kVp settings in combination with iterative reconstruction techniques.
Materials and methods

Ethics
A waiver of written informed consent was obtained from the local ethical committee (METC, ref. 14-4-165 ).
Patient population
Between July 2014 and January 2015, 56 consecutive patients with severe symptomatic aortic stenosis were evaluated. All of them were referred from the cardiology outpatient department for pre-interventional assessment of aortic root dimensions and peripheral arteries. Patients with a body mass index (BMI) >35 kg/m 2 received a divergent scan protocol and were, therefore, excluded (n=9). The other 47 patients received a specific scan and injection protocol according to their BMI: group 1 BMI <28 kg/m 2 ; (n=29); group 2 BMI >28 kg/ m 2 (n=18) [14, 15] .
Other patient characteristics such as age, gender, height and weight were recorded.
MDCT scan protocol
All examinations were performed on a 2nd generation dualsource CT scanner (Definition Flash; Siemens Healthcare, Forchheim, Germany). Aortic root dimension assessment was carried out using a retrospective electrocardiogram (ECG)-gated helical scan in a caudo-cranial direction with parameters as follows: tube voltage 80 kVp; effective tube current 370 mAs eff ; rotation time 0.28 s; slice collimation 128 x 0.6 mm; pitch value 0.23.
Tube current was set to 370 mAs eff , being the highest possible value for this scan protocol using this type of scanner. Image reconstruction of the entire cardiac cycle was done at the 20 % phase of the cardiac cycle with individually adapted field of view (FOV) at a 0.6-mm slice thickness, an increment of 0.4 mm using raw-data based iterative reconstruction [kernel I26f, SAFIRE (sinogram-affirmed iterative reconstruction), strength 3].
Directly afterwards, all patients received a non-ECGtriggered high-pitch spiral scan (flash) of the aorta in the cranio-caudal direction from the aortic arch to the femoral arteries (see Fig. 1 ). Scan parameters were as follows: reference tube-current-time product 400 mAs ref ; rotation time 0.28 s; slice collimation 128×0.6 mm; pitch value 3.0. Scan protocol varied for the two groups in tube voltage settinggroup 1 at 70 kVp, group 2 at 80 kVp -and effective tube current was 90-122 mAs eff (maximum possible values were 93 and 122 mAs eff for 70 and 80 kVp, respectively). Images were reconstructed with individually adapted FOV at a 2-mm slice thickness with an increment of 1.4 mm using an I30f kernel (SAFIRE, strength 3; see Fig. 2 ). Dose modulation (CAREDose4D, Siemens) was used. In Table 1 , all relevant scan parameters are summarized. The total scan time of the combined acquisition was 13-14 s: 6-7 s for retrospective ECG-gated acquisition, with a 5-s gap between acquisitions and 2 s for the high-pitch acquisition. In order to minimize the gap between acquisitions, the scan direction was adapted accordingly, starting with a caudo-cranial direction for the helical scan, followed by a cranio-caudal direction for the highpitch spiral scan.
CM injection protocol
Monomeric, non-ionic, low-osmolar iodinated CM (300 mgI/ ml; Iopromide; Bayer Healthcare, Berlin, Germany) was prewarmed to a standardized 37°C prior to injection in the antecubital vein using catheter sizes between 18-22 G (Sterican, Braun, Melsungen, Germany). Group 1 received a CM bolus of 40 ml followed by a saline flush of 36 ml, both at injection rate 3 ml/s. Group 2 received a CM bolus of 53 ml followed by a saline flush of 48 ml, both at injection rate 4 ml/ s. Injection time of CM bolus and saline flush was kept constant in both groups (CM bolus: 13.3; saline flush: 12 s). Total iodine load (TIL, g) and iodine delivery rate (IDR, gI/s) were kept constant at 12 g and 0.9 gI/s for group 1; as well as 15.9 g and 1.2 gI/s for group 2. In order to determine time to peak (TTP) for accurate scan delay settings, the test-bolus technique was used with 10 ml of undiluted CM followed by 30 ml of saline, injected at 3 ml/s or 4 ml/s for group 1 and 2, respectively. Injection parameters such as injection pressure (psi), flow rate (ml/s) and total amount of CM (ml) were continuously monitored by a data acquisition program (Certegra™ Informatics Solution, Bayer) and read out after each injection.
Quantitative analysis
Radiation dose
The dose-length product (DLP) was recorded for each protocol to calculate the effective dose (mSv). The effective dose [16] . Because of the thoracic-abdominal-pelvic scan range, an average conversion factor (k=0.015 mSv/[mGy.cm]) was used [16] .
Image quality
Image analysis of both helical and flash scans was performed. For the helical scan, the 20 % time point of the cardiac cycle was used for image quality assessment [17] . Quality determination was based on the ability of images to provide diagnostically sufficient information of the aortic root (annulus and root diameters, distance from annulus to coronary ostia and length of valve leaflets) and aorto iliofemoral arteries for dimensional measurements (iliofemoral diameter). The latter is, as well as tortuosity, calcifications and/or atherosclerosis parts of the access assessment [18] . Image quality was determined from a combination of arterial enhancement, image noise and presence of artefacts.
Objective image quality measurements were performed by two experienced observers in consensus: attenuation in the region of interest (ROI), signal-to-noise ratio (SNR), and contrast to noise ratio (CNR). Circular ROIs (as large as possible) were placed at six levels of the aorta. The ascending aorta (AA) was evaluated from both the 80-kVp helical scan and the 70/80-kVp high-pitch spiral scan. The other five levels of the aorta [aortic arch (arch); descending aorta (DA); abdominal aorta (AAo); right and left common iliac arteries (RCIA and LCIA) and right and left common femoral arteries (RCFA and LCFA)], were evaluated from the 70/80-kVp high-pitch spiral scan only. The SNR was defined as vessel enhancement in Hounsfield units (HU) divided by vessel enhancement standard deviation (SD). CNR was defined as vessel enhancement (HU) minus adjacent muscle tissue enhancement, divided by the adjacent muscle tissue enhancement SD. Diagnostic image quality was considered sufficient at attenuation values >200 HU [19, 20] and a CNR >3 [21] .
Subjective image quality (IQ) of both the helical and the high-pitch acquisition was determined by rating the presence of artefacts using a four-point grading scale: 1 = nondiagnostic image quality; 2 = significantly reduced image quality due to major artefacts, but still diagnostic for assessment; 3 = good image quality with minor artefacts, and 4 = excellent image quality without artefacts.
Images were analysed using multiplanar reformation (MPR) with Syngo-Via™ software (Siemens).
Renal function
For the evaluation of renal function of this population, estimated glomerular filtration rate (eGFR; ml/min/1.73 m 2 ) and serum creatinine (μmol/L) ≤12 months before the pre-TAVI CT scan were recorded according to the current hospital protocol.
Long-term renal function was evaluated by recording eGFR values ≥1-2 months after CTA.
TAVI procedure
For the evaluation of the placement of the valve prosthesis, the amount of patients treated by TAVI was recorded, as well as the survival rate after one month post-TAVI. In addition, the CT measurements from the radiological reports were compared to the actual size of the valve prosthesis. Referenceproposed guidelines show the best results when using an area-derived diameter or the mean diameter for valve sizing [4, 22] . For both balloon-expandable prosthesis and selfexpandable prosthesis, over-sizing was recommended, by 10-15 %.
Statistical analysis
Data analysis was conducted using SPSS version 20.0 (SPSS Inc, Chicago, IL, USA). Continuous variables were reported as the mean±standard deviation (SD), categorical values as proportions (%). The chi-square test was used to measure differences between categorical variables. Continuous variables were compared using an independent samples t-test and or analysis of variance (ANOVA) test. In addition, post hoc comparisons of differences between the vascular segments were performed. All reported p-values are two-sided, and a p-value of less than 0.05 is considered statistically significant.
Results
Baseline characteristics
Baseline characteristics are listed in Table 2 . 
Radiation dose and CM injection
Radiation dose and CM injection parameters are given in Table 3 . Mean effective radiation dose for the combined scans was lower for group 1 (6±2 mSv) as compared to group 2 (8± 2 mSv); p=0.06. The effective dose for helical and high-pitch scans were respectively, 5±1 mSv and 0.9±0.1 mSv for group 1, and 6±1 mSv and 1.8±0.2 mSv for group 2. Mean volume, flow rate, peak flow rate, and peak pressure for groups 1 and group 2 were: 40.0±0.1 and 53.0±0.1 ml; 2.9±0.0 and 3.9± 0.1 ml/s; 3.4 ± 0.0 and 4.2 ± 0.0 ml/s; 54 ± 8 and 68 ± 8, respectively.
Image quality
Of the image sets obtained from 47 patients, 46 were diagnostically sufficient for aortic root anatomy, cardiac structures, and aorto iliofemoral anatomy. In one patient, image quality was insufficient; this was due to streak artefacts caused by bilateral prosthesis material at the level of the hips and, therefore, at the level of the femoral arteries. Prosthesis material was present in one other patient (right hip) and femoral access could be properly depicted in this patient.
In helical scan images of the AA, sufficient enhancement levels (>200 HU) were reached for both groups. Significantly higher attenuation values were observed for group 2 (mean attenuation group 1: 381±65 HU; group 2: 442±68 HU; p= 0.004), whereas better SNR and CNR was observed for group 1 (SNR group 1 vs. group 2: 10±5 vs 8±2, p=0.045; CNR group 1 vs. group 2: 13±8, 10±5, p=0.152). High-pitch spiral scan images achieved sufficient overall enhancement levels (>200 HU) in both groups. A significantly higher mean attenuation was found at all levels of the aorta in group 1 (430±117 HU) as compared to group 2 (389±102 HU); p<0.001. Posthoc comparisons for each vascular segment revealed that the significant difference in attenuation existed at the levels of the RCIA, LCIA, RCFA and LCFA, with corresponding p-values 0.045, 0.016, 0.017 and 0.026. In none of the vascular segments was the mean attenuation <200 HU, nor were individual attenuation levels of <200 HU found at the level of the peripheral arteries (see Fig. 3 ). Significantly higher SNR and CNR values were found for group 2 (13±6 and 13±6) as compared to group 1 (11±6 and 11±6); p=0.017 and p= 0.021, respectively (see Fig. 4 ). Post-hoc comparisons for each vascular segment revealed one mild significant difference between groups in the SNR at the level of the AAo, p= 0.048.
IQ scores of helical and high-pitch spiral acquisitions for both groups are listed in Table 4 . No significant differences were found between IQ scores of both acquisitions, with pvalues of 0.67 for group 1 and 0.37 for group 2. The IQ of each helical acquisition was diagnostic and IQ scores were significantly lower for group 2 compared to group 1 (p=0.03). No significant difference in IQ was found between both groups for the high-pitch spiral scans (p=0.07).
Renal function
The mean eGFR was 54±8 ml/min/1.73 m 2 and 55±8 ml/ min/1.73 m 2 for group 1 and group 2, respectively. In 4 patients (9 %) the eGFR was <45 ml/min/1.73 m 2 . These values indicate the overall impaired renal function of this population. The mean eGFR ≥1-2 months after CTA was higher compared to the mean eGFR before CTA: 57 ± 4 ml/min/1.73 m 2 and 57±6 ml/min/1.73 m 2 for group 1 and group 2, respectively. A constant eGFR was found in 32 patients, an increased eGFR in 13 patients and a decreased eGFR in two patients. In none of the cases was CIN detected after 1-2 months.
TAVI procedure
In total, 26 patients were treated by TAVI and the survival rate after one month was 100 %. Other patients underwent either an open procedure or conservative treatment. In all patients, the CT measurements were comparable to the size of the valve prosthesis implemented (Table 5) .
Discussion
Vascular enhancement depends on three major factors -CM characteristics (e.g. flow rate), scanner related factors (e.g. tube voltage) and patient related factors (e.g. BMI). Especially, use of lower kVp is advantageous in terms of reducing CM, as the same amount of iodine will lead to a higher enhancement at a lower kVp [20] , enabling substantial reduction in CM volume [23] [24] [25] . New scanner technologies facilitate lower kVp settings in a broader range of patients [26] . In addition, new reconstruction technologies, such as iterative reconstruction (IR), reduce image noise and, therefore, improve image quality [27] [28] [29] [30] at lower kVp settings as well. Using BMI-adapted low-volume CM injection protocols in combination with low kVp scan settings provided diagnostically sufficient image quality in pre-TAVI assessment.
Compared to the 80-120 ml of CM mostly used in TAVI protocols [13] , we were able to reduce CM volume to 40 ml (=12 gI) and 53 ml (=16 gI) by using 70 kVp and 80 kVp settings, respectively. Further reduction (of 10 ml) would have been possible with use of bolus tracking, but a test bolus was chosen as additional information could be retrieved (e.g. cardiac output -beyond the scope of this paper) [31] and which might be used for further adaptation of the injection protocol [32] .
Volume reduction up to 67 % still lead to sufficient attenuation values at all anatomical levels in all patients. In addition, SNR and CNR levels were found to be sufficient for both groups according to Leber et al. [21] who suggests CNR values >3 to be diagnostically acceptable.
Attenuation values, image noise and image quality ratios (SNR/CNR) are most affected by CM injection parameters, scan technique and patient body size [33] : Lowering IDR and TIL might compromise attenuation values and, therefore, image quality; Lowering radiation dose -by decreasing kVp or tube current settings -increases the amount of image noise; Fig. 3 Box plots showing attenuation levels of each vascular segment. ''AA helical^(black) was measured in the helical cardiac scan. ''AA high-pitchâ nd the other levels (white) were measured in the high-pitch spiral scan of the aorta. * AA = ascending aorta; DA = descending aorta; AAo = abdominal aorta; RCIA and LCIA = right and left common femoral artery; RCFA and LCLA = right and left common femoral artery Fig. 4 Box plots show SNR (left) and CNR (right) levels of each vascular segment. 'AA helical^(black) was measured in the helical cardiac scan. ''AA high-pitch^and the other levels (white) were measured in the high-pitch spiral scan of the aorta. * AA = ascending aorta; DA = descending aorta; AAo = abdominal aorta; RCIA and LCIA = right and left common femoral artery; RCFA and LCLA = right and left common femoral artery increased body size decreases attenuation values due to increased circulating blood volume and, simultaneously, image noise increases due to absorbing tissue. These factors necessitate optimized injection and scan parameters in terms of image quality. However, individual patient characteristics and indications for CTA need to be taken into account. For TAVI candidates, optimal image quality -meaning low image noise and high enhancement -is required at the level of the aortic root for aortic annulus evaluation. For the peripheral access route, higher noise levels are acceptable. In this respect, IQ scores were defined according to different criteria for each anatomic level in the current study. Comparisons between IQ at the level of the aortic root and the level of the peripheral arteries showed no significant differences in both groups. However, in one patient, image quality was found to be nondiagnostic at the level of the peripheral arteries due to the presence of prosthesis material. This could easily be picked up on the scout view and scan parameters can be adjusted accordingly (higher kVp settings). On the other hand, metallic artefacts do not necessarily hinder full evaluation of the vessels.
Optimizing radiation dose is of less importance in this particular patient population; stochastic effects can be regarded as negligible in patients with a mean age of 75/76 years. But the most challenging and important part of protocol optimization in a TAVI population with an inherent high number of impaired renal function is to reduce the risk of CIN by means of the most efficient use of CM [34, 35] .
The use of reduced iodine load (IL) in pre-TAVI assessment has been investigated by several other groups. For example, Dubourg et al. [36] evaluated a combined CM injection protocol for an ECG-gated helical scan followed by a non-ECG-triggered high-pitch spiral scan. They used a dual energy acquisition with fast kVp switching (80-140 kVp) for the second acquisition, and were able to reduce the second bolus CM volume by 50 %. Total CM volume was reduced from 125 ml to 95 ml, which still results in a relatively high IL (33 gI using a CM concentration of 350 mgI/ml).
Wuest et al. [37] were able to reduce CM volume to 40 ml for CTA in TAVI candidates (14 gI with 350 mgI/ml). Patients with a BMI <30 received a 100-kVp scan protocol, with a BMI >30 a 120-kVp scan. Image quality (presence of motion artefacts, enhancement, image noise and CNR) for evaluation of aortic root complex was found to be diagnostic in 40 images from 42 patients.
Azzalini et al. [38] tested the feasibility of an ultralow CM volume injection (20 ml=7.4 gI with 370 mg/ml), in combination with a high-pitch scan mode in 8 patients. They found acceptable image quality using a 100-or 120-kVp setting (automated tube voltage setting according to patient body A balloon-expandable prosthesis B self-expandable prosthesis size). However, in these studies, only one scan -a high-pitch spiral acquisition -was performed for the evaluation of both aortic root and iliac dimensions, which compromises the dynamic assessment of the aortic valve and the annulus as retrospectively gated CTA -including a 20 % phase reconstruction -is recommended [17] . Figure 5 demonstrates the difference in dimensions of the annulus and valve between a 20 % phase reconstruction from a retrospective ECG-gated helical acquisition and a reconstruction from a high-pitch acquisition -as the latter provides no 20 % phase reconstruction. ECG-triggered high-pitch CTA is usually acquired during the diastolic phase, and should, therefore, be used exclusively for aorto iliofemoral CTA [2, 18, 36] . Although differences between phases of reconstruction might be small, they will lead to different measurements for the diameter and could, therefore, lead to different prosthesis sizing [17] . In none of the abovementioned studies was a combined scan protocol including a retrospective ECG-gated acquisition used. Either a high-pitch spiral scan acquisition was used in combination with low-volume injections, at the expense of a dynamic study; or a combined scan acquisition was used at the expense of CM volume reduction. One could argue that the use of only one scan acquisition is most advantageous as this could reduce scan time and, therefore, radiation dose and CM volume. However, an ECG-triggered, high-pitch scan acquisition is not desirable because of the reconstruction in the diastolic phase, as mentioned above. A complete retrospective ECG-gated acquisition is also not desirable as the scan time Using the combined scan protocol, the fast second scan acquisition will again catch the bolus in the peripheral arteries. With only the retrospective ECGgated acquisition scan time will be extended and the bolus will likely overtake the scan.
A retrospective ECG-gated helical acquisition of the heart B gap between acquisitions C high-pitch acquisition of the aorta from aortic arch to femoral arteries will greatly increase because of the decreased pitch factor compared to a high-pitch acquisition (0.23 vs. 3.0). As a result, radiation dose will increase and CM volume must also be adjusted according a prolonged injection time (see also Fig. 6 ).
The combined scan protocol, as presented, will, therefore, ensure best image quality at the level of the aortic root for dedicated pre-interventional analysis in combination with a full picture of the access options for TAVI, while keeping radiation dose and TIL as low as possible.
In the current study, the overall renal function was not impaired after 1-2 months from CTA. This is in line with the study of McDonald et al., which stated that intravenous iodinated CM may not be the causative agent in impaired renal function after CM administration [39] .
Limitations
One limitation is that serum creatinine data from 48-72 hours after CTA could not be retrieved in the majority of patients and, therefore, acute kidney failure could not be detected. However, the eGFR after 1-2 months showed no relevant changes in renal function compared to the eGFR before CTA. In addition, ultra-low kVp scan protocols as well as the ultra-fast acquisition mode are not available on every type of scanner and, in the current situation, the protocols are not applicable to every patient, due to technical limitations of the dedicated CT scanner used in this study: the maximum tubecurrent-time product for a high-pitch flash scan was 122 mAs eff for 80 kVp and only 93 mAs eff for 70 kVp. These low tube-current-time products present a problem because of resulting streak artefacts in the presence of prosthesis materials, or exceedingly high noise levels in obese patients.
Conclusion
Low kVp scan protocols allow for substantial reduction in CM volume as compared to common high-volume injection protocols for pre-TAVI CT examinations. Sufficient image quality was maintained for the evaluation of the aortic root and peripheral access site despite a CM volume reduction of 34-67 %. This may play an important role in terms of increased patient safety, as a lower iodine load is regarded as lowering the risk of CIN.
